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Abstract. Flight behavior of insecticide-resistant and susceptible malaria mosquitoes approaching deltamethrintreated nets was examined using a wind tunnel. Behavior was linked to resulting health status (dead or alive) using comparisons between outcomes from free-flight assays and standard World Health Organization (WHO) bioassays. There was no difference in response time, latency time to reach the net, or spatial distribution in the wind tunnel between treatments. Unaffected resistant mosquitoes spent less time close to ( 30 cm) treated nets. Nettings that caused high knockdown or mortality in standard WHO assays evoked significantly less mortality in the wind tunnel; there was no excitorepellent effect in mosquitoes making contact with the nettings in free flight. This study shows a new approach to understanding mosquito behavior near insecticidal nets. The methodology links free-flight behavior to mosquito health status on exposure to nets. The results suggest that behavioral assays can provide important insights for evaluation of insecticidal effects on disease vectors. BACKGROUND Insecticide-treated bed nets (ITNs) have been the recommended strategy for the prevention of malaria since 2005, and widespread use of ITNs, coupled with accurate case management, has led to a significant reduction in malaria morbidity and mortality. 1, 2 Synthetic pyrethroids are the only insecticide class currently approved for use on bed nets, mainly because of their relatively low mammalian toxicity, low costs, high residual efficacy, applicability to long-lasting technology, and fast killing effect on mosquitoes. Numerous studies have shown their strong protective effect against bites of infectious malaria mosquitoes. [3] [4] [5] [6] Pyrethroids, especially permethrin and deltamethrin (two of the most widely used insecticides on bed nets), are also reported to have a repellent effect. [7] [8] [9] [10] [11] However, these (excito-) repellent properties of ITNs are often assumed based on experimental hut studies, and quantified data on mosquito flight behavior are lacking. [12] [13] [14] [15] [16] [17] There can be different interpretations of the term excitorepellency or contact irritancy [18] [19] [20] [21] ; for this paper, we follow the description of an excitorepellent by White, 21 which is in line with that of a contact irritant: the power of a chemical, especially though by brief tarsal exposure, to irritate the insect sufficiently that it moves away before knockdown, even from sublethal exposure. [18] [19] [20] [21] Some studies report mosquito avoidance behavior to pyrethroid-treated bed nets but with no clear observation of a repellent effect. 22, 23 However, others report repellent effects of deltamethrin after the application as an indoor residual spray (IRS). 24 Experimental hut studies suggest a repellent effect of pyrethroid-treated bed nets to Anolpheles gambiae based on reduced hut entries or forced exit. Current designs of experimental huts do not provide the possibility to study close-range behavior in detail. 13, 25 World Health Organization (WHO) tunnel tests measure whether mosquitoes will pass a treated net, but they do not measure flight behavior during their approach to the net. 26 WHO guidelines propose to use a guinea pig as bait for An. gambiae mosquitoes, but for studying host-seeking responses in relation to treated nets, it seems more applicable to use human bait for studying the anthropophilic mosquito An. gambiae. 27 The present study was undertaken to assess the closerange behavior of the malaria mosquito An. gambiae when exposed to insecticide-treated netting in a wind tunnel. The host-seeking behavior of insecticide-susceptible and -resistant mosquitoes was recorded by video cameras while the mosquitoes flew upwind to human odorants shielded from the mosquitoes by insecticide-treated netting. Recorded flight behaviors were linked to individual mosquito health status (i.e., dead or alive) after exposure to the nets. The bioefficacy of the nets was validated by comparing the wind tunnel data of free-flying mosquitoes with that of standard WHO bioassays for insecticide-treated materials.
MATERIAL AND METHODS
Mosquitoes. The Wageningen laboratory strain of An. gambiae Giles sensu stricto var. Suakoko was used as well as a resistant strain of An. gambiae (VKPR) that originated from Burkina Faso. The Suakoko mosquito strain is 100% susceptible to pyrethroids, and the VKPR strain (insecticide susceptibility profile is available from the authors) is pyrethroid-resistant and homozygous for the kdr mutation L1014F. Both strains were kept in 30 + 30 + 30-cm cages at 27 C ± 1 C at a relative humidity of 70% ± 5% with a 12:12-hour light regimen. Adults were provided with a 6% glucose solution ad libitum, and females were bloodfed using a membrane feeding system by Hemotek (Discovery Workshop, Accrington, United Kingdom). Human blood was obtained from the Sanquin blood bank, Nijmegen, The Netherlands, where it had been donated by volunteers. Larvae were reared in 1.5-L trays filled with tap water and fed Tetramin (Tetrawerke, Melle, Germany) fish food.
Wind tunnel and automated tracking. Conditioned air (27 C ± 1 C and relative humidity of 70% ± 5%) was blown into a wind tunnel (160 + 60 + 60 cm) with a flow rate of 10 cm/second. The side walls and floor of the arena were constructed of black recycled polycarbonate, and the ceiling was made of transparent Lexan polycarbonate (WSV Kunststoffen, Utrecht, The Netherlands). The wind tunnel was illuminated *Address correspondence to Willem Takken, Laboratory of Entomology, Wageningen University, PO Box 8031, 6700 EH Wageningen, The Netherlands. E-mail: willem.takken@wur.nl from the downwind side using Four Tracksys (Nottingham, United Kingdom) infrared light units. Each unit contained an array of 90 infrared light-emitting diodes (LEDs) emitting light with peak output at 880 nm. To optimize the contrast of the illuminated mosquito wings against the background, another four infrared lights containing 168 LEDs ( 920 nm) each (Reinaert Electronics, Amsterdam, The Netherlands) were added in the same line as the Tracksys infrared lights. The experimental room was illuminated using a 15-Watt light bulb facing away from the test arena to provide visual feedback during flight. Mosquitoes approaching within 60 cm of the netting were recorded using a Cohu 4722-2000/0000 monochrome CCD camera (Cohu, San Diego, CA) equipped with a Fuji Non-TV f1.4 9-mm lens. An Ikegami camera (IR49E B/W) with a wide-angle lens (LM3NCM Mp KOWA 3, 5/f2.4 C-Mount) was used to obtain a view over the entire flight arena ( Figure 1 ). The position of a mosquito in the arena was tracked offline using Ethovision XT 7 (Noldus Information Technology, Wageningen, The Netherlands).
Tested nets. Coded netting samples were received from Vestergaard Frandsen SA (Lausanne, Switzerland) and tested in a double-blind fashion. For tracking optimization, black nets were used. The samples were kept strictly separate in aluminum bags (Lifesystems, United Kingdom). The netting codes were revealed at the end of the experimental phase. The nets consisted of black untreated polyester, black polyester coated with deltamethrin (1.8 g/kg; deltamethrin netting), and black polyethylene incorporated with deltamethrin at 4 g/kg and piperonyl butoxide (PBO) at 25 g/kg (deltamethrin + PBO netting). Netting samples were mounted on a square frame of black polycarbonate that fit tightly in the 60 + 60-cm wind tunnel; in this way, 50 + 50 cm of fabric could be exposed to the mosquitoes. A strip of door brush fixed the netting to the frame and prevented scratches to the walls. To ensure that the wind tunnel could not be accidentally contaminated with residues of insecticides, the netting was placed 10 cm from the upwind end of the tunnel and did not touch the walls of the arena. The odor source to which mosquitoes were exposed consisted of a nylon stocking (worn for 24 hours), which was supplemented by carbon dioxide released at 250 mL/minute. 28, 29 The nylon stocking was placed over a 34 C heat source to enhance odorant release and simulate the odor of human skin. The odor source and heating system were placed behind the center of the upwind screen out of reach of the mosquito.
Experimental procedures. Individual female mosquitoes, aged 5-7 days, were placed in a plastic release container (diameter = 5 cm, height = 3 cm) with a piece of wet cotton 13 to 16 hours before the start of the experiment. Wind tunnel tests were performed during the last 4 hours of the scotophase. The nettings were tested using a Latin square design and switched after four to six replicates per testing day. Surgical gloves were worn and replaced with each treatment. In between experiments, the framed nets were stored in aluminum bags. The release container was placed at the downwind end of the arena and remained closed for 1 minute. The mosquito release system was operated from an adjacent room to avoid the effects of other human odors during the experiment. After release, 3 minutes were allowed for upwind flight response. The response time was recorded and defined as the time in seconds between release and the first appearance within the arena. If mosquitoes entered the flight arena, their flights were recorded for 5 minutes. Directly thereafter, mosquitoes were removed from the wind tunnel using a manual aspirator and transferred to labeled 50-mL cylindrical tubes covered with netting and damp cotton wool with a 6% sugar solution. Knockdown status was measured after 60 minutes, and survival status was measured at 22-24 hours after the experiment. The wind tunnel was cleaned weekly using cotton wool and a 10% alcohol solution. WHO cone and tube tests. Standard 3-minute WHO cone and tube assays were performed with unfed An. gambiae s.s.
(both susceptible and resistant strains) in the same age group used for the wind tunnel test (5-7 days old). 26, 30 Two groups of five female mosquitoes were tested in each tube or cone, with a minimum of seven replicates per treatment. After exposure to the netting inside the cone or tube, both groups of mosquitoes were placed in a single 1-L cup and provided with 6% glucose solution ad libitum. Their knockdown status was measured 60 minutes post-exposure, and mortality was recorded at 24 hours. These data were used for comparison with survival and mortality in the wind tunnel bioassay.
Data analyses. Data were analyzed using Ethovision XT 7 (Noldus Information Technology, Wageningen, The Netherlands; http://www.noldus.com). Five different zones were allocated to the flight arena (Table 1) , and a Kruskal-Wallis test was used to examine differences in the mean time spent per zone between treatments. Post-hoc analyses (multiple comparison, Scheffe) were done to reveal significant differences between nets. A threshold for mobile or immobile mosquitoes was set at 19 and 17 mm/second, respectively. Parameters studied were (1) response (the percentage of responding mosquitoes and the time until response as well as the latency time until first contact with the net) and (2) proportion of time (immo-bile) on the netting or in different zones of the flight arena. Parameters were analyzed in relation to net type, mosquito strain, and mosquito health status. The health status of mosquitoes tested in the wind tunnel assay was compared with the outcomes from the WHO cone and tube assays and registered as unaffected, knocked down, or dead.
Binary logistics (generalized linear model [GLM]) were used to analyze differences in responses between net types and mosquito strain; time-related variables, such as response time and latency to touch the net, were analyzed using Cox's regression.
RESULTS
WHO bioassays. There was no knockdown or mortality in any of the controls. In the tube bioassay with susceptible mosquitoes, 100% knockdown and 100% mortality with deltamethrin netting and deltamethrin + PBO netting were observed. In the cone bioassay, 82% knockdown and 80% mortality were observed with deltamethrin netting, and 100% knockdown and 100% mortality with deltamethrin + PBO netting were observed ( Figure 2 ). With the resistant mosquitoes in the tube assay, 70% knockdown and 53% mortality were observed for deltamethrin nets, and 80% knockdown and 71% mortality were observed for deltamethrin + PBO netting. In the cone bioassay, 44% knockdown and 40% mortality were recorded with deltamethrin netting, whereas 87% knockdown and 81% mortality were recorded with deltamethrin + PBO netting.
Behavioral assays. Mosquitoes took off for upwind flight in 92.5% (86.5-98.1%) of the cases, and there was no effect of mosquito strain and net type on the number of mosquitoes responding (leaving the release cage; GLM: P = 0.407 and P = 0.315, respectively) ( Table 2 ). The mean response time varied between 13.3 and 26.0 seconds ( Figure 3 ). There were no significant differences in response time between the netting samples and mosquito strains (Cox's regression: Wald = 1.40, Table 1 Zone definitions used for spatial analyses at a range of 0-60 cm from the netting samples Zone Zone description 60-150 cm Mosquito was more than 60 cm from the net 30-60 cm Mosquito was in a zone from 30 to 60 cm from the net 0-30 cm Mosquito was within 30 cm of the net Net
Mosquito touched net at upwind side of the wind tunnel On source Mosquito reached (5 cm ø) host odor source at the net Zone widths were measured from the center of the arena at a height of 30 cm using images from camera 1. To optimize tracking, the angle of this camera was not 100% in (vertical) line with the arena, and therefore, the zones slightly overlap. For mosquitoes that took off for upwind flight, the amount of time spent in the different upwind zones of the wind tunnel (on netting; within 0-30 cm of the section, within 30-60 cm of the section, or farther away than 60 cm) was not different between the three netting types for each mosquito strain ( Table 3 ) (Kruskal-Wallis, P 0.05). The spatial distribution of mosquitoes across the wind tunnel was also examined separately for those mosquitoes that were not affected by the insecticides and those mosquitoes that were knocked down ( Table 3 ). The mosquitoes affected by the treatment spent much longer sitting on the net compared with those mosquitoes that were unaffected ( Figure 4 ) and less time in the sections farther than 30 cm from it (data per section in Table 3 ). VKPR mosquitoes that were unaffected by the deltamethrin + PBO netting spent significantly less time close to the net and relatively more time at the downwind side of the wind tunnel (Table 3 ). Figure 5 shows examples of tracking results for each of the three netting types (control, deltamethrin, and deltamethrin + PBO). Fragments of animated flight tracks are shown in Supplemental Videos 1-3. These tracks were selected on the condition that the mosquito reached the upwind end of the arena, where the odor and heat source was placed behind the netting sample. The percentage of mosquitoes that made contact with the upwind net varied from 41.3% to 68.6%. The percentage of mosquitoes that reached the net at the site where host cues were released (5 cm diameter) ranged from 15.2% to 32.6% ( Table 2 ). There was no interaction between netting type and mosquito strain in terms of reaching the odor source (GLM: P = 0.241) and no differ-ence in response (exiting release container within 3 minutes) between the treatments and the mosquito strains (GLM: P = 0.108 and P = 0.863, respectively). Fifty-one percent of mosquitoes of either strain made contact with the upwind untreated net within 5 minutes (Table 2 ). There was no effect of treatment on the percentage of mosquitoes touching the net, and more susceptible than resistant mosquitoes touched the deltamethrin netting (GLM: Wald = 4.924, P = 0.026). Susceptible mosquitoes arrived sooner at the upwind end of the wind tunnel than the resistant strain ( Table 2 ) (Cox's regression: Wald = 5.95, df = 1, P = 0.015). However, there was no significant difference between the netting types in latency to touch the net (Cox's regression: Wald = 0.71, df = 2, P = 0.701).
Of responding mosquitoes, 66.7-89.1% were recaptured and examined for 60-minute knockdown and 24-hour survival. None of the mosquitoes exposed to an untreated net in the wind tunnel were knocked down or died within 24 hours after exposure. Of the susceptible mosquitoes exposed to deltamethrin netting, 16.7% were knocked down and died within 24 hours, whereas 44.1% of those mosquitoes exposed to deltamethrin + PBO netting were knocked down and died. Of the resistant mosquitoes exposed to deltamethrin netting, 9.8% of mosquitoes were knocked down and died, whereas 43.2% of mosquitoes were knocked down and 40.5% of mosquitoes died after exposure to the deltamethrin + PBO netting ( Figure 2 and Table 2 ). There was a clear effect of the time actually spent on the net on knockdown and mortality ( Figure 4 ). As previously mentioned, all mosquitoes survived contact with the control netting; however, the variation in contact time with the control net did not differ from the nets that were treated with insecticides ( Table 3) . Because of the high correlation between knockdown and the eventual survival, the figures for contact time and 24-hour survival look similar (Supplemental Figure 4) . With deltamethrin only, the minimum contact time needed to cause knockdown was 0.4 seconds for a susceptible mosquito and 49.2 seconds for a VKPR mosquito; these mosquitoes died within 24 hours after exposure. For the deltamethrin + PBO netting, the minimum contact time causing knockdown and mortality was 0.12 seconds for a susceptible mosquito and 0.04 seconds for a VKPR mosquito. There was a positive correlation between the time resting on the net and knockdown rate (Figure 4 ). The contact time causing knockdown was generally shorter for deltamethrin + PBO than deltamethrin only. The maximum time that a susceptible mosquito was found unaffected after 1 hour (and 24 hours) Different letters within columns 8 and 9 indicate significant differences between the bed net types (GLM: P 0.001). ns = no significant difference found between treatment and mosquito strain (GLM: P 0.05).
*Indicates a significant difference in number of susceptible mosquitoes that touched the deltamethrin-treated net compared with the resistant VKPR strain (GLM: Wald = 4.924, P = 0.026) and the latency to touch the net (Cox's regression: Wald = 5.95, df = 1, P = 0.015). 
DISCUSSION
The results revealed a great discrepancy between the WHO bioassays and wind tunnel bioassays, especially in terms of the eventual killing effect of ITNs. The insecticide-treated nettings in the WHO tube and cone bioassays all caused high knockdown and mortality in susceptible mosquitoes, showing the high degree of toxicity of these compounds for An. gambiae. Numerous studies have reported a repellent effect as well as a toxic effect of these compounds, and indeed, these effects are considered additional attributes for the protective effect of pyrethroids. 14, 20 However, when these mosquitoes were exposed to both insecticidal treatments in the present study, in free flight, no repellent effect was observed. This result is evident by comparing the response and flight distribution patterns as well as the average time spent on the nettings. Only mosquitoes of the VKPR strain that survived the exposure to deltamethrin + PBO-treated nets expressed a mild repellent behavior by spending more time at the downwind end of the wind tunnel. It seems, therefore, that (non-resistant) mosquitoes did not perceive deltamethrin and/or PBO within the range of 1.5 m, the length of the wind tunnel.
Most studies on the effect of synthetic pyrethroids on mosquitoes have been conducted in experimental huts, where the effect of the insecticides on the mosquitoes is indirectly measured by recording the proportion of mosquitoes that enter and/or exit the hut or the proportion of mosquitoes that are found dead. 12, 15, [31] [32] [33] [34] [35] [36] Mosquitoes that hover on and around a net acquire sufficient quantities of insecticide to be killed; however, experimental hut studies were not designed to observe flight and/or landing behaviors of mosquitoes on nets, and the behavioral effects of the nets on the mosquitoes are recorded by counting the fractions of mosquitoes that are left in the hut at the end of the exposure time, which are termed excitorepellent effects. A possible explanation for the widely reported excitorepellent effect with deltamethrin-treated nets is that mosquitoes that enter a bedroom, attracted to human odors, 37 are prevented from bloodfeeding, because the host is protected by a bed net; hence, they remain hungry, which drives them out of the house. An increase in exiting behavior in the presence of ITNs has been reported, where a proportion of the mosquito population succeeded to bloodfeed through manmade holes in the bed net. 38, 39 However, parameters used in experimental hut studies that are expressed as excitorepellency as described in the work by Koudou and others, 14 a study in which treated nets were intact, could be linked to the behavioral effects resulting from hunger.
The work by Lindsay and others, 13 which did not find a repellent effect of the synthetic pyrethroid permethrin, suggests that the reported deterrent effect of synthetic pyrethroids is produced by the components of the emulsifiable concentrate used for impregnating the nets and not the insecticide itself. Similarly, Magesa and others 40 did not report an Table 3 Mean (±SEM) duration of time (seconds) spent in different zones for each mosquito strain exposed to different netting samples Strain All mosquitoes includes data of all flying mosquitoes tracked in the wind tunnel. Recaptured ! not knocked down includes recaptured individuals that were not knocked down 1 hour after testing. Recaptured ! knocked down represents the data for recaptured mosquitoes that were knocked down after 1 hour. For each strain, a Kruskal-Wallis test was used to examine the differences between nets. Where P 0.05, post-hoc analysis (multiple comparison, Scheffe) revealed the differences per bed net type. Different letters within a column show these differences if present. Because of low N values for untreated net and deltamethrin only, no statistics were performed here.
*Kruskal-Wallis, P = 0.051. excitorepellent effect of pyrethroids. Because most compounds used for long-lasting manufacture of impregnated nets are inert, it is unlikely that such components cause excitorepellency. Kongmee and others 7 recently reported contact irritancy caused by deltamethrin in An. minimus Theobald and An. harrisoni Harbach and Manguin, but the irritant effect was less clear in the presence of host odors. Similar to our study, there was no spatial effect of deltamethrin on the behavior of the mosquitoes. Additional analysis is required to determine whether host emanations can suppress irritant effects caused by the insecticide. In addition, it should be stressed that these findings were from experiments with unwashed new nets, and washed nets may give different results.
Our data are in line with the data reported in the work by Cooperband and Allan, 18 which compared the excitorepellent effect of the synthetic pyrethroids bifenthrin, deltamethrin, and λ-cyhalothrin in a laboratory behavioral setting using the mosquito species Aedes aegypti (L.), An. quadrimaculatus Say, and Culex quinquefasciatus Say. The effect of the insecticides was observed from landing and resting behavior on contact with insecticide-treated filter paper. No difference was observed between untreated and treated paper, suggesting that these three pyrethroids did not cause an excitorepellent effect. Cx. quinquefasciatus, however, tended to avoid all three treated papers. Based on the heightened activity of some of the mosquitoes, it was suggested that the pyrethroids might affect locomotion behavior, which was previously suggested by Schreck and Kline. 41 We have no information that this suggestion might be the case for An. gambiae.
The data from the WHO tube and cone bioassays indicated that the Wageningen An. gambiae strain (var. Suakoko) was susceptible to deltamethrin and that the VKPR strain was pyrethroid-resistant; mortalities with both formulations were 80%. In the wind tunnel, the only behavioral difference observed between mosquito strains was in latency time reaching the net. Additional studies are suggested to focus on the possible differences in physiological state between affected and surviving individuals. The unaffected group may have also spent less time in odor plumes containing host odors and deltamethrin than the mosquitoes that showed a knockdown response, which would be in line with the previously discussed results by Kongmee and others. 7 The effect on knockdown and survival caused by deltamethrin netting was significantly less than that of deltamethrin + PBO netting, which could be a result of the higher dose of deltamethrin in the netting with PBO; however, it should be noted that, as the deltamethrin is incorporated into the polyethylene, less than 10% of the total dose (4 g/kg) would be expected on the surface of the net and hence, available to the mosquito. In a coated net (such as the deltamethrin netting), much of the insecticide is on or near the surface. The presence of PBO may also affect the degree of knockdown and survival. Penetration, metabolic degradation, and interaction of insecticides with the site of action are known to influence knockdown. 42 It has been suggested that synergists like PBO (which prevent detoxification of pyrethroids) have little effect on the knockdown phase of pyrethroid detoxification, while suppressing the recovery phase, which was shown in studies with Musca domestica and Triatoma infestans. 43, 44 The increased efficacy of a deltamethrin + PBO-treated netting compared with a deltamethrin only-treated netting was shown by N'Guessan and others 33 using the WHO tunnel test assay with the VKPR strain. PBO is known to work by inhibiting metabolic enzymes (namely P450s and esterases) and enhance cuticular penetration of the insecticide into the insect. [45] [46] [47] [48] This effect on penetration occurs, because PBO also acts as a solvent to dissolve the insecticide and a surfactant on the waxy cuticle to increase the speed that the insecticide arrives at the target site, increasing efficacy of the insecticide, even with the presence of kdr. 49 It is not known whether the effect observed in this study is caused by faster penetration of the insecticide through the cuticle because of the presence of PBO or the unknown presence of metabolic resistance in the VKPR strain, the different surface concentration, or the availability of deltamethrin in the deltamethrin + PBO netting.
The WHO tube and cone tests force mosquitoes into contact with the netting, and therefore, they pick up sufficient quantities of insecticide to cause knockdown and/or mortality within the specified exposure period. It is, therefore, an approved method to assess the bioefficacy of insecticide-impregnated materials. In the wind tunnel, by contrast, mosquitoes make a free flight and contact the netting without force when stimulated by the odor source present immediately behind the netting. 10, 26 A large percentage of mosquitoes (86.5-98.1%) took off for upwind flight within 3 minutes after exposure to the nettings. If a spatial or contact repellent effect would have been present, it would have been expressed clearly by reduced contact of mosquitoes with the treated nets compared with the untreated net. Such effects were not seen, apart from the resistant mosquitoes that remained relatively unaffected by the treated nets. It would be interesting to investigate if this behavior was related to the resistance mechanisms present in this mosquito strain. We conclude, therefore, that the treated nettings did not cause an excitorepellent effect in contrast to other studies using different methodologies. 8, 14, 24 A lower efficacy of treated nettings was observed in the wind tunnel assay than the forced contact assays, because the mosquitoes made less contact with the netting than in the WHO assays because of the free flight, which more closely resembles the natural situation than the WHO assays, where mosquitoes are in forced contact with the insecticides. Exposure to deltamethrin + PBO netting caused a significantly higher knockdown and mortality effect in the wind tunnel compared with deltamethrin alone, although we do not know whether this result was because of the different concentration of deltamethrin or the additional effect of PBO. It should be noted that, under real-life conditions, a mosquito would have much longer than the 5-minute exposure time in this assay to make contact with the net; however, it is not known for how long a mosquito searches for a bloodmeal before abandoning this behavior. To link the behavioral data with the WHO tests and the consequential health status of the tested mosquitoes, we kept the exposure time in the wind tunnel close to 3 minutes, adding 2 minutes for getting to the net and moving away from it.
The use of camera systems and automated tracking has made it possible to study differences in behavior of various mosquito strains and species in both the laboratory and (semi) field settings. 50 The wind tunnel assay is more sensitive to reveal behavioral effects than the current WHO assays and could be considered as an additional method useful for investigating spatial repellent effects of current and new insecticidal compounds. 51 In the wind tunnel setup, in the presence of human host cues, it was found that both susceptible and resistant An. gambiae s.s. mosquitoes never spent as much as 3 minutes (cumulatively) on the test netting material in the absence of a bloodmeal. Although the 3-minute cone test remains a suitable method for investigating lethal and knockdown effects of pyrethroids, it does not provide any information regarding other potential behavioral responses that may be induced by exposure. Newly developed (non-pyrethroid) compounds may require longer contact times before a lethal dose will be picked up. Observational studies, such as the study presented here, can be used, for example, to validate appropriate exposure times for cone tests with new insecticides by investigating behavioral impacts of candidate compounds. The wind tunnel and video tracking assay could also be used to investigate how mosquitoes approach holes of different sizes in netting fabric as well as the optimum hole to insecticide content ratio or the optimum mesh size required for a netting fabric to physically prevent mosquito passage.
CONCLUSION
Free-flight exposure of mosquitoes to deltamethrinimpregnated nets did not reveal any (excito-) repellent effects in susceptible and resistant mosquitoes caused by deltamethrin when using a video-recorded assay. Close-range behavioral assays can reveal important information concerning the way mosquitoes approach and contact insecticide-treated netting, which is particularly important when considering the design of non-pyrethroid insecticide-treated fabrics and their evaluation in the field.
